The middle ear of the solitary subterranean rodent Ctenomys talarum was studied. The most significant features observed were the enlarged middle-ear cavity, a round and larger eardrum without pars flaccida, no connection between malleus and the tympanic bone, partial fusion of malleus with incus, a nearly flat stapedial footplate, absence of stapedial artery, reduced tensor tympani, and absence of stapedial muscle. Some of these features are shared with unrelated subterranean rodents like Spalax ehrenbergi and geomyids, possibly as adaptations for low-frequency hearing.
According to the optimality principle, physical characteristics of vocalizations should reflect adaptation to the physical environment, body size, or hearing ability (Bradbury and Vehrencamp 1998; Credner et al. 1997) . The physical environment exerts strong effects on design of animal displays, but the influence of receiver properties on their evolution distinguishes displays from other traits. To be effective, a sender must employ displays that are well suited to detection by the sensory and neural mechanisms of receivers (Johnstone 1998) .
Anatomical and physiological properties of the ear, hearing, and neural processing determine the kinds of sounds that are detected. In mammals, hearing properties of the auditory organ are related strongly to middle-ear morphology since properties of the middle ear determine how much sound energy reaches the cochlea and how that energy varies with frequency (Relkin 1988) .
Several works have studied the anatomy of the mammalian middle ear, such as functional morphology and evolution of the middle ear in surface-dwelling rodents (Fleischer 1978; Lay 1972 Lay , 1993 Webster and Webster 1975) .
Recent anatomical investigations on the auditory system of subterranean mammals have revealed morphological traits that differ from auditorily unspecialized aboveground mammals (e.g., Sorex, Mus, Rattus- Burda et al. 1990 Burda et al. , 1992 von Mayer et al. 1995; Wilkins et al. 1999) . Some of these traits are shared by unrelated species of subterranean rodents and may be related to low-frequency tuning of the hearing organ known for several species of subterranean rodents (Brückmann and Burda 1997; Bruns et al. 1988; Heffner and Heffner 1990 , 1993 Müller and Burda 1989) .
Tuco-tucos (Ctenomys) are distributed in the southern cone of South America (Reig et al. 1990 ). Ctenomys talarum is a small subterranean species (120 and 160 g in body mass for females and males, respectively) that lives in closed-gallery systems parallel to the soil surface (Busch et al. 1989 ). Individuals of both sexes and all ages are sedentary and maintain exclusive territories (Busch et al. 1989) .
Many aspects of behavior of C. talarum have been studied (Vassallo and Busch 1992; Zenuto 1999; Zenuto et al. 2001) . The species' vocalizations are moderate to low in frequency, but low frequencies are pronounced, as in some other subterranean species (R. Capranica, in litt.; Credner et al. 1997; Francescoli 1999; Heth et al. 1988; Pepper et al. 1991; Schleich and Busch 2002; Veitl et al. 2000) . These observations are in keeping with good transmission of low-frequency sounds in underground environments (Heth et al. 1986 ). However, the species' acoustic biology is mainly unknown, including anatomy of the acoustic system.
We describe the middle-ear anatomy of C. talarum, emphasizing structures that are known to be involved in sound transmission of sounds from outer to inner ear. Based on vocal convergence as noted previously, we predicted that C. talarum and other subterranean species should have anatomical features that optimize low-frequency hearing.
MATERIALS AND METHODS
Adults of both sexes of C. talarum (8 males and 14 females) were captured in Mar de Cobo (378459S, 578569W, Buenos Aires Province, Argentina) using plastic live traps set at fresh surface mounds and transported to the laboratory in individual plastic cages. In the ber 2003) . Naso-occipital length (greatest length from anteriormost end of nasals to posteriormost point on occipital bone) and greatest zygomatic width were measured on skulls of the 22 specimens with digital calipers (with a precision of 0.01 mm).
Before removing the ventral section of the bulla, bullar length (longest axis of the bulla), width, and depth (from top of auditory meatus to bottom of bulla) were also measured with digital calipers. Both middle ears of each individual were examined. Breaking the eardrum provided access to the middle-ear ossicles and related structures. Measurements on the following variables were measured with an ocular micrometer (with a precision of 0.06 mm) during dissection: length and diameter of auditory meatus, diameter of eardrum, length of head of malleus, length of lever arm of malleus, length of incus, length of lever arm of incus, length of footplate of stapes, width of footplate of stapes, height of stapes, and width of crura plus greatest and least diameters of stapedial (intercrural) foramen. In 4 specimens the auditory ossicles were also weighed using an electronic balance (nearest 0.0001 g, SA 210D-Scientech, Boulder, Colorado).
Effectiveness of sound transmission through the middle ear depends on the ratio of areas and on the lever-arm ratio (Fleischer 1978; Relkin 1988; von Békésy 1960) . The ratio of areas is computed by dividing area of the stapedial footplate (calculated as p Â longer radius Â shorter radius) by two-thirds of the surface area of the tympanum (since only about 60-80% of membrane's area vibrates effectively in transmission of airborne sounds). The lever-arm ratio is calculated by measuring the distance between the umbo of the malleus and the axis of rotation of the lever system (length of the lever arm of the malleus, l m ) and the distance between the axis of rotation and the point of action of the incus (length of the lever arm of the incus, l i ); the lever ratio ¼ l m /l i .
Ratios of areas and lever arms were then used to calculate the impedance-transform ratio (ITR), a number related to the effectiveness of the middle ear in transferring acoustical energy within the external auditory meatus through the eardrum, middle-ear ossicles, and finally the fluid of the inner ear (Wilkins et al. 1999 ). The ITR is computed (Webster and Webster 1975; Wilkins et al. 1999) as
where Z d is impedance at the eardrum, Z s is impedance at the footplate of the stapes, A s is area of the stapedial footplate, A d is the area of the eardrum, and l i plus l m are as defined previously. The lever ratio is squared because it affects both pressure and velocity (Webster and Webster 1975) . Lower values of ITR indicate greater effectiveness in transmitting energy from eardrum to the oval window (Wilkins et al. 1999) .
Other aspects of anatomy that concern the relationship of input impedance to frequency were also studied (e.g., bullar size, eardrum structure, and presence and characteristics of ossicular ligaments and muscles).
RESULTS
The ear pinnae of C. talarum are reduced in size. Tympanic bullae are inflated and enlarged (Table 1; Fig. 1A ). They are held in position by a paraoccipital apophysis posteriorly and by extensions of the mastoid process laterally. Thin projections of the pterygoid processes touch the tips of the bullae ventrally. The walls of the bullae consist of cancellous bone covered with thin compact bone (Fig. 1B) .
The external auditory meatus is normally developed and projects laterally. It consists entirely of compact bone. Ventrally, the outer ear canal projects anteriorly at an angle of about 30-458 from the sagittal plane (Fig. 1A) . In cross section, the bony meatus is nearly circular. The outer ear canal is not filled with cerumen.
The eardrum is nearly circular (Table 1 ) and consists of a flattened cone whose apex is attached to the end of the manubrium of the malleus. No pars flaccida is distinct in the tympanic membrane (Fig. 1B) .
The head of the malleus and the body and short process of the incus are suspended in a small dorsal fossa near the auditory meatus. There is no coalescence of the malleus with the tympanic bone, so the malleus is considered ''free swinging.'' The incudomalleolar joint is rather flat. The manubrium mallei and the crus longum are nearly parallel to one another (Fig. 1C) . Two ligaments suspend the malleoincudal complex. An anterior ligament is attached to the head of the malleus, and a posterior ligament extends from the short process of the incus. Total ossicular mass consists mainly of the malleoincudal complex and weighed about 32 mg (n ¼ 4). Articulation with the head of the stapes was via the long process of the incus. In contrast to the malleoincudal joint, the incudostapedial joint is quite loose, and the malleoincudal complex separated easily from the stapes during dissection.
The stapes is made of thin translucent bone (Fig. 1D) . It is in a plane perpendicular to that of the malleoincudal complex and eardrum. The anterior and posterior crura are asymmetric, with the crus rostrale thicker than the crus caudale (Table 1) . The head and crura are triangular, and the stapedial foramen is large. No stapedial artery passed through the stapedial foramen (Fig. 1D) . The footplate is oval and nearly flat. The footplate connects to the cochlea at the oval window (Fig. 1E) .
The mammalian middle ear has 2 muscles (tensor tympani and stapedius). In C. talarum, the tensor tympani is short and weak and inserts on a small dorsal protuberance of the manubrium. No evidence of a stapedius muscle was found in specimens or isolated stapedes.
Values for impedance transform ratio, areal, and lever-arm ratio are summarized in Table 1 .
DISCUSSION
The middle-ear mechanism must transform acoustic energy in air of the external auditory meatus to acoustic energy in cochlear fluids with minimal loss of energy. In physical terms, the middle ear must match acoustic impedance of the fluidfilled cochlea with acoustic impedance of air (Webster and Webster 1975) .
Outer and middle sections of the ear of C. talarum have several modifications that affect impedance of the auditory system and hence transmission of energy through the middle ear. The most significant features are reduced pinna, enlarged middle-ear cavity, round and large eardrum without pars flaccida, lack of connection between malleus and tympanic bone, partial fusion of malleus with incus, a nearly flat stapedial footplate, and reduced (tensor tympani) or absent (stapedial) middle-ear muscles.
The reduced pinna of C. talarum is a common trait among subterranean rodents, although degree of reduction varies. A reduced pinna accounts for the poor sound-localization capacities of subterranean forms (e.g., Spalax ehrenbergi, Heterocephalus glaber- Heffner 1992, 1993) , although signal localization may not represent a problem in 1-dimensional underground tunnels. Contrary to what has been observed in S. ehrenbergi and some species of geomyids (Wilkins et al. 1999) , the outer ear canal was not filled with cerumen, a characteristic related to the poor sensitivity to airborne sounds observed in S. ehrenbergi (Burda et al. 1992) .
Three factors mainly affect energy flow: friction, mass, and compliance. Friction is a negligible factor in most mammalian middle ears, and most of the energy transmitted through the middle ear is used to stimulate the cochlea and is not lost as heat in the middle-ear mechanism (Relkin 1988) . The effects of compliance and mass are dominant in the middle ear (Webster and Webster 1975) . Compliance is contributed by many factors, including the eardrum, the ossicular ligaments, the muscles and their attachments, and the volume of the middleear cavity, while mass is contributed mainly by the ossicles. Both compliance and mass affect the input impedance of the middle ear. Compliance is more important at low frequencies, and mass reactance increases with increasing frequency (Relkin 1988) .
One of the most important contributors to compliance is the middle-ear volume, which has important implications for the frequency response of the middle ear. The middle ear cavity of C. talarum is enlarged in comparison with some species of surface dwellers of Caviomorpha (Schleich and Vassallo 2003) , although approximating the size of the middle ear of the subterranean Geomys bursarius (Wilkins et al. 1999) . Increased middle-ear volume is also found in heteromyid rodents (Webster and Webster 1975) and could be associated with an improvement in the low-frequency audition due to increased middle-ear compliance, which increases sensitivity to low-frequency sounds (Relkin 1988) .
The walls of the middle-ear cavity of C. talarum are cancellous bone covered with compact bone, as in geomyids (Wilkins et al. 1999) , Clyomys, and Octodon (Gardner and Emmons 1984) . Lay (1972) proposed that septa in the middle ear stabilize the tympanic annulus and buttress the tympanic bulla and that these features, together with inflation of the middle ear cavity, enhance hearing sensitivity to low-frequency sounds.
A round eardrum with no evident pars flaccida occurs in C. talarum and also S. ehrenbergi, G. bursarius, and Cryptomys hottentotus (Burda et al. 1992; Wilkins et al. 1999) . In most mammals, the pars flaccida of the eardrum is a thin membrane, often with folds and wrinkles (Fleischer 1978) . Increasing the size of this membrane decreases compliance of the cavity. Therefore, the lack of pars flaccida could enhance hearing sensitivity to low-frequency sounds. The eardrum size of C. talarum fits well in the regression of eardrum area on body size for subterranean rodents (Burda et al. 1992 ) and is relatively larger than in nonsubterranean rodents (Burda et al. 1992; Fleischer 1978) . Species that are sensitive to low-frequency sounds often have large eardrums (Fleischer 1978) , and (with respect to a fixed stapedial footplate surface) these allow a high areal ratio.
The ancestral mammalian middle ear is characterized by connection of the malleus with the tympanic bone via the gonial, a bony element fused to both. Hence, the malleus is firmly anchored at the tympanic bone (Fleischer 1978) . The malleus of C. talarum has a reduced gonial and is partly fused with the incus, making a malleoincudal complex. This complex is attached to the walls of the bulla via 1 anterior and 1 posterior ligament, resulting in a freely mobile middle ear (Fleischer 1978) . This malleoincudal configuration has also been observed in subterranean rodents with good low-frequency hearing (e.g., S. ehrenbergi, geomyids -Fleischer 1978) .
The stapes of C. talarum has a typically mammalian stirrup and a nearly flat footplate. All stapedes of other subterranean rodent species studied to date also have a conventional mammalian stirrup, but the footplate varies from flat (S. ehrenbergi) to convex (G. bursarius- Burda et al. 1992; Webster and Webster 1975; Wilkins et al. 1999) . A convex shape increases the footplate's surface area and so could decrease energy transmission (Wilkins et al. 1999 ); a flat footplate as in C. talarum would transmit more energy, all else being equal.
Tensor tympani and stapedius muscles affect frequency response of the middle ear by decreasing sensitivity to lowfrequency sounds and increasing sensitivity to high-frequency sounds (Fleischer 1978) . Therefore, a reduced tensor tympani and absent stapedius in C. talarum can be interpreted as adaptations to low-frequency hearing. Those muscles also serve to protect the cochlea against overstimulation (Fleischer 1978) , but the subterranean environment is a natural filter to high sound-pressure levels. Main contributors to middle-ear mass are the auditory ossicles. Their combined mass is similar between C. talarum, Chlorotalpa sclateri, and Chlorotalpa duthieae but is smaller than in Chrysospalax trevelyani or Eremitalpa granti, which have an enlarged malleus (von Mayer et al. 1995) . Increasing mass of the auditory ossicles lowers the natural frequency of the auditory system (although this effect also depends on distance between the axis of rotation, from the anterior ligament of the malleus to the posterior ligament of the incus, and the center of the mass of the malleoincudal complex Fleischer 1978; Relkin 1988) . Moreover, the natural frequency of the auditory system also depends on torsional stiffness of the malleoincudal complex. Future studies should measure the stiffness of the middle ear of C. talarum to understand how small size of the auditory ossicles affects natural frequency of its auditory system. Overall effectiveness of sound transmission through the middle ear is expressed by the ratio of areas and the lever-arm ratio, which in C. talarum were estimated as 13.8 and 2.46, respectively; the ITR was estimated as 0.12. These values fall within ranges described for other species of subterranean rodents (Burda et al. 1992; Wilkins et al. 1999) .
The middle ear of C. talarum has anatomical features that are probably adaptations to keep or enhance low-frequency sound transduction. These modifications, also found in several species of unrelated subterranean rodents, agree with the dominant low-frequency vocalizations of C. talarum and with the best transmission frequency in subterranean environments (Heth et al. 1986 ). Future studies on hearing of C. talarum would be desirable.
RESUMEN
Las propiedades anatómicas y fisiológicas del oído determinan que clases de sonidos serán detectados. En mamíferos, las capacidades sensitivas del órgano auditivo están fuertemente relacionadas con la morfología del oído medio, dado que las propiedades de éste determinan cuanta energía llega a la cóclea y como esa energía varía con la frecuencia. Por lo tanto, se procedió a analizar cuali y cuantitativamente la morfología del oído medio de Ctenomys talarum. Este se caracterizó por presentar un pabellón auditivo reducido, una bula timpánica de gran tamaño, una membrana timpánica de forma circular sin pars flaccida distinguible, una ausencia de conexión entre el martillo y el hueso timpánico, fusión parcial del martillo con el yunque, una base del estribo casi plana, ausencia de arteria del estribo y músculos del oído medio reducidos o ausentes. Varias de estas modificaciones, también presentes en otras especies de roedores subterráneos no relacionados filogenéticamente, parecen actuar aumentando la sensibilidad auditiva del oído medio hacia sonidos de baja frecuencia, una característica convergente con otras especies de roedores subterráneos estudiadas, sugiriendo una adaptación a la comunicación vocal en ambientes subterráneos.
